Abstract Glycolytic ATP synthesis by synaptic vesicles provides an efficient mechanism for fueling vesicular loading of the neurotransmitter glutamate. This is achieved in part by vesicle-bound pyruvate kinase. However, we have found that vesicular glutamate uptake, in the presence of the pyruvate kinase substrates ADP and phosphoenolpyruvate (PEP), substantially exceeds that caused by exogenous ATP. We propose that this much enhanced uptake is in part due to extra ATP produced via a mechanism involving a novel enzyme, PEP-dependent ADP synthase. We discuss implications for this enzyme in energy homeostasis and pathophysiology, as well as in efficient synaptic glutamate transmission. 
Introduction
Glucose serves as the major substrate for cerebral energy, under normal conditions, and glycolysis plays a vital role in maintaining normal brain function and synaptic transmission [1] . Glucose utilization and cognitive function are directly correlated [2] [3] [4] [5] . Reduction of glucose levels results in pathophysiological states and abnormal electrophysiological activity. However, this occurs long before significant decrease in tissue ATP levels is detected [6] [7] [8] [9] [10] . Substitution of pyruvate for glucose maintains normal tissue ATP levels but fails to restore normal evoked neuronal activity [11] [12] [13] . Abnormal synaptic transmission caused by hypoglycemia occurs in part, if not entirely, by a presynaptic mechanism [10, 14, 15] . Substantial reduction of extracellular glucose results in decreased stimulus-evoked glutamate release, with no detectable changes in global cellular ATP levels [10] . These studies suggest that glycolytic intermediate(s) or local ATP concentration would be critical for normal synaptic transmission independent of global cellular ATP levels.
In a study of these possibilities, Ikemoto et al. [16] have found that a glycolytic ATP-generating complex, consisting of glyceraldehyde phosphate dehydrogenase (GAPDH) and 3-phosphoglycerate kinase (3-PGK), is highly enriched in synaptic vesicles. Activation of this enzyme complex was shown sufficient in order to support loading of synaptic vesicles with the major excitatory neurotransmitter glutamate. Glutamate accumulation into synaptic vesicles in the nerve terminal is an initial crucial step in glutamate transmission [17] [18] [19] [20] [21] [22] . The synaptic vesicular glutamate uptake system [17, 23] is comprised of the vesicular glutamate transporter known as VGLUT [24, 25] , and v-type proton-pump ATPase [26] , and requires ATP to generate an electrochemical gradient, the driving force for glutamate uptake into synaptic vesicles [24, [27] [28] [29] [30] [31] .
Evidence [16] also suggests that glycolytically produced ATP, rather than ATP made in mitochondria, is a major source of energy for fueling glutamate loading into synaptic vesicles. Compatible with this notion, Ishida et al. [32] have recently shown that ATP produced by synapticvesicle bound pyruvate kinase, the other glycolytic ATPgenerating enzyme, at the expense of the glycolytic intermediate PEP, can also support vesicular glutamate uptake. Thus, since glycolytic ATP production (which occurs considerably prior to mitochondrial ATP synthesis) can occur at the synaptic vesicle site, local glycolytic ATP synthesis could represent an efficient mechanism for the rapid energy supply needed to sustain normal synaptic transmission. These lines of evidence offer new insight into the molecular mechanism of vital dependence on glycolysis of normal synaptic transmission [33] .
In this communication, we report the findings that ATP generated by synaptic vesicles in the presence of PEP and ADP is more effective than exogenous ATP in fueling vesicular glutamate uptake, and that an additional ATP production involving a new ADP-regenerating mechanism (harnessing AMP and PEP) underlies this enhanced glutamate uptake. Wider implications for this ADP synthase are discussed.
Materials and Methods

Reagents and Chemicals
Frozen rat (male) brains used in this study were purchased from Pel-Freez. Thus, this research did not involve handling of live animals. L- [3,4- 3 H]glutamic acid (50 Ci/mmol), [8- 14 C]ADP (40-60 Ci/mmol), [c-32 P]ATP (3,000 Ci/ mmol), and [a- 32 P]ATP (6,000 Ci/mmol) were purchased from PerkinElmer. Adenosine 5 0 -O-thiomonophosphate (AMPS), ATP, ADP, AMP, adenosine, apyrase, and muscle pyruvate kinase were obtained from Sigma-Aldrich.
Assay for Vesicular Glutamate Uptake
A pyruvate kinase-rich synaptic vesicle fraction was prepared from frozen rat cerebrum, and glutamate uptake into these synaptic vesicles measured by a filtration-based assay using Whatman GF/C filters, as described previously [32] . The vesicle fraction (30 (Fig. 1) , or of 1 mM PEP alone or a combination of 1 mM PEP and 0.5 mM AMP each with various concentrations of ADP (Fig. 5) . Glutamate uptake was terminated by the addition of 2.5 ml of ice-cold 150 mM KCl, followed by immediate filtration through Whatman GF/C filters. The incubation tube was washed three times, and the filter was then washed three more times. Radioactivity ( 3 H) retained ]glutamate in the absence or presence of 0.8 mM ADP, 0.8 mM ADP plus 1 mM PEP, or 1 mM ATP alone in the medium described in Materials Methods, and glutamate uptake determined. b PEP-dependent (PEP-dept.) uptake indicates uptake in the presence of a combination of PEP and ADP, minus uptake in the presence of ADP alone; this represents vesicle-bound pyruvate kinase-generated ATPfueled uptake. The data represent mean ± SEM of three separate vesicle preparations. PEP-dept., PEP-dependent, ATP-dept. ATPdependent on the filter was determined in a Beckman LS 6500 scintillation spectrophotometer. The pyruvate kinase-rich vesicle fraction (40 lg) was incubated at 30 o C for 6 min in a solution (final volume, 0.3 ml) containing 0.5 mM [
32 P]AMP (11.6 mCi/mmol), 20 mM Hepes-Tris (pH 7.4), 4 mM MgSO 4 , 4 mM KCl, 2 mM aspartate, 0.1 mM ADP, 100 mM potassium gluconate, and 50 mM sucrose, in the absence or presence of 1 mM PEP. The mixture was frozen on dry ice, thawed, and filtered first with a glass microfiber GF/C syringe filter (1.2 lm, Whatman), then with an Ultrafree-MC filter unit (0.1 lm, Millipore). Aliquots (0.1 ml) were subjected to HPLC for product analysis, as described above for the preparation of [ 32 P]AMP.
Treatment of [ 32 P]AMP-derived Reaction Products with Hexokinase
The pyruvate kinase-rich vesicle fraction (40 lg) was first incubated at 30 o C for 30 min in a solution (final volume, 0.2 ml) containing 0.1 mM [
32 P]AMP (64 mCi/mmol), 0.3 mM PEP, 20 mM Hepes-Tris (pH 7.4), 4 mM MgSO 4 , 4 mM KCl, 2 mM aspartate, 0.2 mM ADP, 100 mM potassium gluconate, and 50 mM sucrose. Glucose (final concentration, 10 mM) with or without hexokinase (0.1 unit) was then added to the mixture, followed by an additional 10 min incubation. The mixture was frozen on dry ice, thawed, and double-filtered, and aliquots (0.05 ml) subjected to HPLC for product analysis, as described above.
Statistical Analysis
Data are presented as the mean ± SEM. Statistical analysis was performed with student t test for difference between two values. Significance was set at p \ 0.05.
Results
ATP Generated by Synaptic Vesicles from PEP and ADP is More Effective than Exogenous ATP in Fueling Vesicular Glutamate Uptake Ishida et al. [32] reported evidence suggesting that ATP generated endogenously by synaptic vesicles in the presence of PEP and ADP is preferentially used compared to exogenous ATP; exogenous hexokinase has less access to the former ATP than to the latter. This supports the notion that ATP locally produced at the synaptic vesicle site is important in efficient fueling glutamate loading into synaptic vesicles. In an effort to provide further supporting evidence, we have directly compared the effectiveness of ATP synthesized endogenously by synaptic vesicles (in the presence of PEP and ADP) with that of exogenous ATP in fueling vesicular glutamate uptake.
As shown in Fig. 1 , glutamate uptake in the presence of PEP and ADP was found to exceed that in the presence of exogenous ATP. Uptake in the presence of ADP alone is most likely fueled by ATP produced by adenylate kinase. After subtraction of the latter, uptake activity attained in the presence of PEP and ADP is still higher than that observed in the presence of exogenous ATP. Pyruvate kinase-mediated uptake in the presence of 1 mM PEP and 0.8 mM ADP would not exceed uptake in the presence of exogenous 1 mM ATP, since that enzyme alone cannot produce ATP more than 1 mM under these conditions; the concentration of the phosphate donor PEP is 1 mM. This suggests that the augmented uptake involves an additional mechanism involving an enzyme distinct from pyruvate kinase and adenylate kinase.
PEP-dependent ATP Formation Exceeds PEPdependent ADP Consumption
In an effort to elucidate the additional mechanism, we have incubated synaptic vesicles with [
14 C]ADP in the presence or absence of PEP, and analyzed reaction products (Fig. 2) . In the absence of PEP, ATP and AMP were produced in an equal amount. Conversion of ADP to these nucleotides is most likely achieved by adenylate kinase. Upon addition of
PEP, a large amount of ADP was converted to ATP by pyruvate kinase, as expected. Of interest, however, the amount of ATP produced in a PEP-dependent manner was greater than that of ADP apparently disappeared in the presence of PEP (Fig. 2) . Moreover, AMP produced in the absence of PEP disappeared upon addition of PEP, presumably being converted to ADP initially, then to ATP. When the PEP-dependent disappearance of AMP is added to the difference in steady-state ADP levels between the presence and absence of PEP, this is equivalent to the PEPdependent production of ATP. This indicates that a portion of ATP produced in a PEP-dependent manner is derived from AMP. This portion increased to about 50 % upon a longer incubation (30 min). The other portion is presumably made by pyruvate kinase directly from ADP. The AMP-derived ATP production is likely through PEPdependent formation of ADP from AMP. We postulate that this process is mediated by a new enzyme (which could be designated PEP:AMP phosphotransferase), here simply referred to as ADP synthase.
PEP-dependent ATP Formation via PEP-dependent ADP Formation from AMP
In order to provide direct evidence to support this notion, we synthesized [ 32 P]AMP, as described in materials and methods, and incubated it with synaptic vesicles in the absence or presence of PEP. Figure 3a shows These results raise the possibility of a new pathway leading to ATP production from AMP, suggesting a novel recycling mechanism for ATP regeneration. Phosphorylation of AMP at the expense of the high-energy glycolytic intermediate PEP represents a novel biochemical reaction, since the only reaction presently known for conversion of AMP to ADP is AMP phosphorylation at the expense of the most common cellular energy ATP. This reaction could contribute to re-synthesis as well as de novo synthesis of ATP, by providing this new biochemical route to ATP synthesis: AMP plus PEP to ADP, then to ATP, as opposed to AMP plus ATP to ADP, then to ATP.
Mention 
PEP-dependent ADP Formation is Inhibited by AMPS
The experiments described above altogether suggest that vesicular glutamate uptake in the presence of PEP and ADP is fueled by ATP made on synaptic vesicles, not only by pyruvate kinase and adenylate kinase, but also by a mechanism involving ADP synthase coupled to pyruvate kinase. In an effort to assess the contribution of each of these mechanisms, we have sought ADP synthase inhibitors. As shown in Fig. 4a 32 P]AMP almost completely at 5 mM. When this compound was tested for the ability to inhibit vesicular glutamate uptake in the presence of PEP and ADP, it inhibited adenylate kinase-mediated glutamate uptake entirely at 5 mM (Fig. 4c) . However, it inhibited adenylate kinase-independent uptake only partially even at 5 mM, the concentration which caused almost total inhibition of ADP synthase activity. This suggests that AMPSresistant vesicular glutamate uptake is mediated by pyruvate kinase alone. Based upon the percent inhibition of each of these mechanisms, one could calculate that 41, 27, and 32 % of vesicular glutamate uptake observed in the presence of PEP and ADP are attributed to pyruvate kinase, adenylate kinase, and ADP synthase, respectively. This indicates that ATP produced by a mechanism involving ADP synthase significantly contributes, as an energy source, to vesicular glutamate occurring under these conditions. Thus, ATP generated in this manner could be responsible for the enhanced uptake beyond that fueled by pyruvate kinase and adenylate kinase.
AMP Augments Vesicular Glutamate Uptake Fueled by PEP and Low Concentrations of ADP
Our results (as in Fig. 5 ) support the importance of resynthesis of extra ADP from AMP, at the expense of PEP, in facilitating synthesis of the neurotransmitter pool of glutamate. Thus, one would expect that AMP, with PEP, would augment vesicular glutamate uptake, particularly in the presence of low, but not saturating, concentrations of ADP.
Discussion
We have shown that ATP generated by synaptic vesicles from ADP and PEP can exceed exogenous ATP in fueling glutamate transport into synaptic vesicles. This could be in part due to better access of H ? -ATPase to endogenously made ATP by vesicle-bound pyruvate kinase than to exogenous ATP, and also in part to ATP made from ADP by adenylate kinase. Moreover, our experiments presented here suggest that extra ATP derived from AMP via PEPdependent ADP synthesis could significantly contribute to the enhanced glutamate uptake. ATP produced by each of these three mechanisms seems to equally contribute to generating the driving force for VGLUT. We propose that this ADP synthesis is catalyzed by ADP synthase, a novel enzyme. As to the third mechanism, we put forward the following working hypothesis:
Synaptic vesicles are capable of recycling AMP (made from ADP by adenylate kinase) back to ADP, harnessing the glycolytic high-energy intermediate PEP; this re-generated ADP is then converted to ATP by both pyruvate kinase (at the expense of PEP) and adenylate kinase. This pool of ATP derived from re-generated ADP from AMP would account for enhanced vesicular glutamate uptake observed in the presence of ADP and PEP, the enhanced uptake beyond the uptake caused simply by pyruvate kinase and adenylate kinase alone. This PEP/AMP-mediated enhanced uptake could play a role in efficient synaptic glutamate transmission, and contribute to the mechanism underlying glycolysis-dependent synaptic transmission. Thus, observations presented here could provide fresh insight into understanding the importance of glucose metabolism in synaptic transmission.
ADP synthase may not be limited to synaptic vesicles. PEP-dependent AMP-derived ATP formation was also observed in the brain cytosol fraction; ATP formation in nerve ending cytosol was twice as high as that in cell body cytosol. Moreover, PEP-dependent AMP-derived ATP formation was also observed in the cytosol fraction of heart, liver, and lung as well; activity in the heart was approximately the same as in the brain, but activity in the liver and lung was about 50 and 25 % of that in the brain, respectively. This suggests that high-energy-demanding tissues are more enriched with this enzyme. ADP synthase activity could be enriched by affinity chromatography on Blue Sepharose (about 135-fold increase in specific activity), further supporting the existence of ADP synthase.
Cellular ADP does not just serve as an important substrate for ATP synthesis. It also affects bioenergetics by activating certain enzymes. It acts as an allosteric activator of the oxidative enzymes glutamate dehydrogenase [34] [35] [36] and isocitrate dehydrogenase [37] [38] [39] and the respiratory enzyme cytochrome c oxidase [40] , all present in mitochondria. Moreover, mitochondrial oxidative phosphorylation is stimulated by cytosolic ADP concentration, with a second order kinetic function with respect to its concentration [41, 42] . Hence, influx of cytosolic ADP into mitochondria could play a critical role in modulation of mitochondrial ATP production by activating these enzymes. It would be of interest to see if changes in ADP synthase activity lead to alteration of activation of these enzymes and affect energy homeostasis.
In post-ischemic muscles, the free ADP concentration is decreased compared to non-ischemic control [43] . In brain tissue, we have observed that ADP synthase activity in synaptosomes is markedly reduced (by 72-74 %) under acute aglycemic conditions (30-60 min) . This observation could have implications for study of the regulatory mechanism of this enzyme, as well as of stroke and some of the other CNS pathophysiologies involving abnormal glucose metabolism. AMPS or, better yet, a more potent, membrane permeant inhibitor derivative of this compound, could be of use in such studies, as well as in determining a role for this enzyme in synaptic transmission.
